Mark D. Perkins and Mark Kessel are at FIND (Foundation for Innovative New Diagnostics), Geneva, Switzerland. e-mail: mark.perkins@finddx.org settings, and serving and maintaining these laboratories to function at a high level has been an enormous task at which many senior virologists have labored. The role of the laboratory has been central in documenting the course of the epidemic, to some degree in determining cause of death in individuals dying outside of treatment centers, and in verifying that clinically improved patients were noninfectious and could be released from care (though in previous epidemics, release into the community was largely based on clinical judgment). One could argue, however, that the impact of the laboratories on disease control has been relatively limited, both because of the mandate of the laboratories and because of the technologies in use.
The reliance on nonautomated molecular approaches in fixed facilities has substantially diminished the capacity of the laboratories to follow the epidemic's shifting epidemiology, to empower active case-finding and to otherwise detect patients early enough to interrupt transmission. There are several indications of inadequate or delayed case detection, including the late presentation of many patients-with a mean of five days of symptoms prolonged before diagnosis-and the turnaround time for results to be transmitted back to patients and caregivers. The most significant overall indicator of inadequate diagnostic impact, though, is the extent of ongoing transmission. Transmission has been effectively blocked in ETCs, but has continued in the community; within homes and villages, through traditional burial practices, and in the pursuit of non-Ebola healthcare. The great majority of healthcare workers contracting Ebola did so not in ETCs, but outside of these centers, often in private clinics or in communities. In this widespread outbreak, or series of outbreaks, A s the Ebola epidemic flames out in West Africa, both politicians and public health experts are getting a first chance to take stock of what has been learned from how this epidemic was handled, and to engage in a fair amount of finger-pointing. One surprising element in these discussions is how seldom the need for effective diagnostics is mentioned, given their fundamental role in both disease control and case management. This is true not only for Ebola but for other viral infections that spring up on a regular basis. Indeed, without a deployable and effective vaccine, the only Ebola control measure available to stop transmission is the rapid identification of infected patients for isolation and care in treatment centers (or in the case of fatalities, for safe burial). What explains the relative silence around diagnostics for Ebola, and what opportunities are there for innovations that could help control the current epidemic, and speed response mechanisms in future outbreaks?
A turning point? Not for the first time, the Ebola epidemic that has been ravaging West Africa seems to have reached a turning point. Confirmed case rates have fallen substantially, from over 800 cases a week in early October across the three affected countries, to under 100 cases a week in the first quarter of 2015 (ref. 1). This dramatic decline in incidence started first in Liberia and then was mirrored to a lesser extent in Guinea and Sierra Leone.
This current Ebola outbreak, which began in December 2013, had claimed nearly 60 lives in Guinea when European specialty virology laboratories first confirmed the presence of Ebola virus in shipped samples and the outbreak was officially reported. Movement thereafter to establish laboratories in West Africa to confirm Ebola in suspect individuals, and ideally to trigger contact-tracing activities, remained relatively sluggish early in the outbreak. By August, when the World Health Organization (WHO; Geneva) issued the first of its valuable situation reports, and five months after the epidemic was declared, there were still only two fully functioning laboratories in West Africa capable of confirming cases, despite active transmission evident in two dozen districts across three countries 2 . By October, when the magnitude of the epidemic was headline news, a dozen laboratories had been established, covering over 80% of the affected districts.
Fixed and mobile testing facilities
There are now 26 Ebola laboratories based in the three affected countries (Fig. 1) 3, 4 . The diagnostic response in this outbreak is now vastly different in scale from that seen in previous epidemics, but the methodologies in use, and by extension the goals and impact of testing, have been similar (Box 1).
The 
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Healthcare priorities all too often ignore the importance of diagnostics for disease control and case management. The Ebola epidemic illustrates the folly of this attitude when few therapeutic or prophylactic interventions are available.
of patients without Ebola symptoms, who required surgical or obstetric care, suffering or dying in the absence of laboratory proof of their Ebola-free status. One study found a 70% fall in the availability of inpatient health services in Sierra Leone with the advent of the Ebola epidemic 3 . Almost all the testing priorities in epidemic countries could be facilitated by near-patient methodologies (Box 2). Early diagnosis will also be critical to the success of antiviral treatments as they are developed 4 .
Global diagnostic priorities Priorities for testing are notably different in developed countries, where there has been extensive discussion of airport screening and presymptomatic detection. The question of Ebola screening at airports is complex. Noncontact thermography using thermal scanners or infrared thermometers makes airport scanning for fever feasible, but it remains a relatively rare symptom among international travelers. The prevalence of fever among international airport arrivals was 0.002% in Korea and 0.06% in Australia 5, 6 . Prospective studies have found that, at least for influenza viruses and dengue fever, that infrared thermography had relatively low sensitivity and predictive value [7] [8] [9] . Airport screening is complicated by the large number of travelers with a very low probability of disease (leading to high falsediscovery rates), and the cost and disruption of screening large numbers of negatives with a corresponding need for very high predictive values. The vast majority of cross-border transmission in Africa has been with road and foot traffic, not on airplanes.
Media coverage of imported Ebola in the United States and Europe sparked discussion of the potential to extend testing to presymptomatic individuals with an exposure risk. There is a limited amount of scientific data on asymptomatic infection, though surveys of the prevalence of anti-Ebola antibodies after epidemics suggests that asymptomatic infection may be relatively common. One post-outbreak serosurvey 10, 11 showed that 71% of people with Ebola-specific IgG antibodies had not suffered clinical disease. Leroy et al. 12 have followed 24 contacts of symptomatic Ebola patients and repeatedly sampled blood evidence of Ebola infection, using Ebola-specific antibody responses, viral culture, antigen-detection enzyme-linked immunosorbent assay (ELISA) and reverse transcriptase (RT)-PCR during a one-month period following exposure. IgM and IgG antibody responses developed in 11 of the 24 contacts, all of whom remained asymptomatic. None had circulating virus detectable by viral culture or reverse transcription the chain of transmission was quickly lost, making it impossible to implement full contact tracing. After months of effort and deployment of large numbers of local and international staff, the goal of seeing 100% of all cases arising from among known case contacts had been reached as of late January only in Liberia (7 of 7), whereas in Guinea 54% of cases were on contact lists, and in Sierra Leone only 21%.
Diagnostic priorities where infection originates If available, rapid testing done at or near where patients live or first present for care (nearpatient testing) would answer a number of both clinical and disease control needs for Ebola. On the ground in West Africa, unmet diagnostic needs come easily to the lips of healthcare workers assisting in the Ebola response. The most pressing of these is alleviating the danger and inconvenience put on patients and healthcare workers due to delays in obtaining testing results, and the need to transport either patient or blood sample to a laboratory facility. Symptomatic individuals encountered passively by the health system, or actively through case-contact investigations, must be either transported overland-often with several family members and/or other patients-for sometimes several hours to an ETC where blood will be sampled and sent to a laboratory facility, or placed in holding centers to wait while blood is sent out for testing (Box 1). Both situations present obvious transmission risk, both for uninfected Ebola suspects, and for healthcare workers and drivers. Given the logistic complexities involved, the batch processing in the laboratories and the manual delivery of results, the turnaround time for decision making is often measured in days rather than in hours. Communities are aware of these delays and risks, which does not encourage patients to seek early testing.
The need for more mobile and accelerated testing capability extends across the spectrum of Ebola risk situations. Without near-patient testing, symptomatic individuals arriving by air from an affected country may be held in costly isolation for hours to days while awaiting testing results. When faced with the death of a loved one, families have emotional burial proceedings interrupted for extended periods while buccal swab samples are sent to the laboratory. The fear of Ebola has had a huge impact on the availability of non-Ebola care, especially wet procedures. Many horror stories exist Despite these findings, there is no evidence from this or any of the previous outbreaks that asymptomatic individuals have been responsible for any disease transmission. Moreover, detecting presymptomatic infection would be both technical and socially difficult. Any circulating virus in the presymptomatic period would likely be at very low concentrations, below the limits of detection of commonly deployed RT-PCR assays. Even among symptomatic patients, a fraction of patients arriving early for care are negative for Ebola on initial PCR testing. In developing countries, testing asymptomatic individuals would pose not only huge financial and logistical burdens, but would be nearly impossible to implement on ethical and social grounds. Introducing a needle for phlebotomy into a healthy individual who later develops symptoms would result in important confusion about cause and effect-confusion that could seriously hamper the already strained relations between Ebola health workers and the affected communities.
Near-patient testing opportunities Near-patient testing for Ebola or other hemorrhagic fever viruses is technically feasible, and there is a strong push to evaluate and implement such methods in this epidemic, hasten disease-elimination efforts and prepare for a more flexible response to future epidemics. Given the tardiness and unpredictability of antibody responses and the impracticality of viral culture, the only possible technical approaches for near-patient diagnosis are detection of viral RNA or detection of virusencoded proteins. The former is possible because of the remarkable evolution of simplified molecular-testing systems, and the latter because of the high concentrations of circulating virus in many patients. Viral RNA detection. Viral load rises steeply to very high levels in most Ebola patients within a few days of infection. Papers from Towner and others 13, 14 show that patients with fatal infections tend to have 10 5 to 10 9 copies of viral RNA in their blood from within a day or two of first reporting symptoms, but that those with nonfatal infections-who may nonetheless transmit disease-may have viral loads several logs lower, especially early and late in the course of infection. . 13,15-17) .
Antigen detection.
Several antigen-detection tests have since been developed (usually targeting NP, VP40, and GP proteins) either in flow-through and ELISA formats 18 or as rapid lateral flow immunoassays (LFIs), including commercially manufactured kits ( Table 1) . LFIs have known limitations in sensitivity, and antigen detection does not benefit from the amplification capacity of PCR assays. However, this may not necessarily translate into poor clinical sensitivity, depending on the patient population. In acutely ill patients, the clinical performance of an ELISA detecting Ebola antigen in serum gave results similar to PCR's in the limited studies in which both tests have been performed 13 . Saliva is an alternative sample matrix for both PCR and antigen detection, though the lim-
Box 2 Priorities for testing in West Africa
Fast, near-patient testing will be an important advance for Ebola disease control and management. But there remain several priorities for Ebola testing in West Africa, which we list below:
• 
Box 1 Current tests
The reference assays in use in the Ebola laboratory network are all based on manually performed, reverse-transcription, real-time PCR detecting viral RNA. Reverse transcription (RT)-PCR was first used during an Ebola outbreak in Gabon 15 years ago 23 , and quickly thereafter real-time versions of the assay became the principal diagnostic tools in outbreak management as reflected in the practices of the laboratories in the WHO Emerging and Dangerous Pathogens Laboratory Network (EDPLN).
The above assays were all designed originally for research use only, and they share many features in common that limit their use as clinical tools for rapid response-temperaturesensitive reagents that must be kept cold, manual RNA extraction, multiple additional reagents and auxiliary equipment, batch testing, manual readout and reporting, as well as multiple precision steps requiring substantial training. Added to these complexities are the high biosafety demands of working with a dangerous pathogen, complicating not only the handling of specimens but also the transfer of hard-copy information from the clinic and potential contamination of durable instrumentation.
There are multiple different PCR assays in use in the deployed laboratories, including both home-brew and commercial assays targeting one or more genes (late (L), nucleoprotein (NP), minor matrix protein (VP40) or glycoprotein (GP)). Though the PCR testing itself may take less than an hour, the RNA extraction protocols and other preparatory steps result in a four-to six-hour turnaround time for results, and samples arriving in the afternoon are often processed the next day. The laboratory methods currently in use require not only highly trained technical staff but also substantial logistical support to ensure the continuous availability of a host of reagents (e.g., inactivation or lysis buffers, extraction reagents, proteinases, amplification mixes) and supplies. Despite good intentions of the international community to strengthen human resources in the health sector of the affected countries in the wake of the epidemic, it cannot readily be imagined that the maintenance and staffing of multiple laboratories working on the current model would be feasible.
C O M M E N TA R Y
npg is yet regulated by the national authorities in West Africa. Not listed are several commercially available PCR-based Ebola assays, most regulated as for 'research use only' and without specific operational advantages over assays currently in use (in terms of speed, reagent robustness or simplicity of use).
Alternative approaches to simplify the testing process for nucleic acid amplification include isothermal chemistries that hold the promise of enhanced speed of testing, decreased susceptibility to inhibition and operation without a thermocycler. Lucigen (Shirley, NY, USA), Envirologix (Portland, ME, USA) and nonprofit Diagnostics for All (Cambridge, MA, USA)-three sponsors with simplified manual assays in development based on different isothermal amplification methods-are also listed in Table 2 . Like many innovative developers, they face the challenge of how to address their lack of a large manufacturing capacity, no history of launching and supporting in vitro diagnostics, and no previous experience in building or establishing distribution capacity in Africa.
Over the past 10-15 years, several manufacturers have worked to develop fully automated PCR systems that have room-temperaturestable reagents and preloaded onto disposables ited data available suggest that the sensitivity of testing is lower, at least for living individuals 19 .
Depending on their level of performance and degree of robustness, LFIs could have a large impact on testing strategies. Typically, LFIs, already heavily in use in developing countries for malaria and HIV, are used quite peripherally in the health system by nurses and local health workers. Ebola brings the additional challenge of biosafety, which may substantially erode the simplicity and low cost usually associated with LFI testing.
Unfortunately, developers of LFIs often have very limited access to clinical samples and attendant difficulty optimizing their assays or determining clear limits of detection. For assays with a limit of detection near the threshold of viral load commonly seen in new patients, enrollment bias can substantially affect the results of clinical studies. Table 1 presents a list of LFIs for Ebola that are in late development or already in manufacture. There are substantial differences between some of the products in the selection and number of protein targets, the source of antibody, immunization strategy and buffer constitution. A comparative trial of a number of the LFIs for Ebola is planned during the first quarter of 2015.
In the meantime, control programs and NGOs caring for patients will be trying to decide on the potential role of these assays. The ReEBOV Antigen Rapid Test from Corgenix that detects VP40 (and which requires refrigerated transport and storage) has been recently listed as available for WHO procurement by the WHO prequalification team based on analytical and clinical studies and an assessment of manufacturing quality indicators. Analytical studies with Ebola virus spiked into whole blood showed a relatively high calculated limit of detection of 2.11 × 10 8 RNA copies/ml. In a set of 147 consecutive fresh venous whole blood samples and 146 frozen plasma specimens in Sierra Leone, the assay demonstrated 92% sensitivity and 85% specificity in comparison to RT-PCR. Data on other LFIs are pending. Even with imperfect performance, there may be a useful role for such assays, such as rapid triage of patients in transit centers (detecting and isolating the most contagious), but quick confirmatory testing for all positives will clearly be required. In settings of low prevalence such as is now seen in most districts of the affected countries, it could be predicted that the majority of positive tests will be false positives, potentially causing much social disruption and erosion of general confidence in diagnostic testing. Molecular detection. PCR reagents used in past Ebola outbreaks were largely homebrew assays that were the standard in the sponsoring laboratory. During this outbreak, multiple different assays have been in use, including commercial kits, but for most companies have sought US FDA Emergency Use Authorization (FDA EUA) and developed substantial amounts of analytic data to support performance. The first six companies listed in Table 2 market some of the assays in widest use in laboratories deployed in West Africa. None 
that allow integration of sample processing, amplification and detection. These systems tend to have disposables that are more expensive than the reagent costs of home-brew PCR, but which can be less expensive when nucleic acid extraction costs and human resources costs are also considered. Four companies have designed automated Ebola assays either already in manufacture or in late-stage development (Fig. 2) . These systems all have the potential to be mobile in vans or other vehicles and are simple enough for use by laboratory or clinical staff with only limited training. All of these assays are designed to run in under 90 min, and some are engineered for electronic, realtime reporting. This feature alone has the capacity, if harvested by national programs and collaborating agencies, to transform not only the speed but also the accuracy of clinical result delivery, epidemiologic mapping and contact tracing. Moreover, electronic connectivity allows remote monitoring of instrument performance, highlighting areas where technical service or additional operator training is needed. These automated and integrated molecular systems have the potential to transform and democratize molecular detection. With essentially push-button operation for many of these systems, locally trained technicians can perform PCR for pathogen detection with much greater reliability than is possible with manual testing. The performance of these systems may vary, but should be well documented by analytical results and are in most cases equal to, or more reliable than, results obtained with conventional manual RT-PCR testing. One instrument in this group, GeneXpert, has already proven its global utility for tuberculosis and drug resistance detection, and is the most widely used molecular testing system in developing countries.
Conclusions
The world health community has made tremendous strides in the control of many communicable diseases, but that battle is far from won. Weak health systems in many countries and increasingly mobile populations leave us at risk especially for outbreaks from emerging pathogens. In an interconnected world, existing and emerging pathogens do not stop at national borders. As people travel around the world with ever-increasing frequency, the risk of infections spreading out of control is greater than in earlier times. Today the battle that caught the world's attention is Ebola. But since the beginning of this century, multiple emerging infectious diseases have posed potential dangers to world health and have cost world economies untold billions of dol- Figure 2 Selected in vitro diagnostic systems that have been or are close to commercialization. (a) Alere q is a portable 7-kg system that runs a single assay at a time per instrument, with options for battery or solar power. The cartridge has a built-in plastic capillary for blood collection directly from a finger prick, and all reagents are preloaded for automated processing, amplification and readout. There is an onboard computer and reporting can be wireless electronic. HIV assay already on the same platform marketed for use in Africa. Available Q3 2015. (b) Biocartis Idylla is a single cartridge per module with stackable modules. It accepts EDTA whole blood or plasma from venipuncture. Preloaded reagents detect both Ebola Zaire and Sudan. Requires separate computer console and device has wireless connectivity. First CE-marked assay on this platform (oncology) was launched in September 2014. FDA and CE-mark filing planned in 2Q15. (c) The BioFire FilmArray Biothreat E is a single assay instrument. Pouch is preloaded with temperature-stable reagents and accepts venipuncture whole blood (which requires a separate protease step) or urine. Electronic reporting not included. (d) Cepheid GeneXpert is a modular system with instruments running 1-64 tests in random-access mode. All reagents required are lyophilized on board. Developed to work from whole blood, finger-prick swab or oral swab with inactivation as the first step. Same instrument is in use in over 100 developing countries for tuberculosis and multidrugresistant agent detection. Wireless electronic reporting. FDA EUA (Emergency Use Authorization). Epidemic diseases, especially when they involve impoverished populations, hold little return on investment for diagnostic companies-markets are fragmented, resourcepoor and fleeting. Without a mechanism to fund targeted assay development to meet such needs, the tremendous capacity of the multibillion-dollar diagnostics industry will remain an untapped resource.
